ABSTRACT Current has been passed through the cell membrane of muscle fibres of the isolated rabbit right ventricle with the aid of intraceUular doublebarrelled microelectrodes. Two types of muscle fibres were distinguished which are called P and V fibres. The relation between the intensity of a hyperpolarising current applied during the rising phase and the maximum amplitude of the action potential was different in these fibres. For P fibres the relation was essentially linear over most of the range of currents used. For V fibres the change in maximum action potential amplitude was either negligible or did not appear until a certain value of hyperpolarising current was reached. This behaviour of V fibres can be understood if a drop in polarisation resistance occurs during the rising phase and is of such short duration that the polarisation resistance has returned to its resting value before the crest of the action potential is reached. P fibres have an estimated mean resting polarisation resistance of (106 -4-13) K ohms, and a rheobase current strength of (0.08 ± 0.02) #a. In V fibres the resting polarisation resistance was (47 -4-29) K ohms and the rheobase current strength (0.47 4-0.28) /za.
The Recording Input Stage This was a type of electrometer circuit described by Murray (1958) wherein both anode and cathode of an input electrometer tube are made to follow closely the input signal. Very high input impedance is obtained with extreme linearity over a large input voltage range. The input stage had the following specifications (without microelectrode): input capacitance <10 -4 u/~f.; input resistance > 10 is f~; permissible input voltage swing, 4-25 volts; grid current < 10 -16 A; drift, 4-2 mv./hour; rise time (10 per cent limits), 1 #see.; output impedance, 100 ~2; gain 0.99996. The electrometer was capable of accepting the voltages incurred during the experimental procedures and thus the elimination of voltage artefacts could be carried out at a more convenient point in the ensuing circuitry. -~ monitor -~ b -'~ Fmuau~ 1. The experimental apparatus in block diagram, b, the organ bath; i, the screened cable from the output of the constant current generator to the stimulating barrel of the microelectrode, s; g, the lead carrying the voltage signal (proportional to current flowing through the stimulating circuit) to one input of one of the differential dv amplifiers (diff. amp); ~, the feedback differentiator; probe, the floating grid electrometer input stage which received the signal from the recording barrel of the microelectrode (r); s.i.u., stimulus isolation unit; a.p., rheostat which controlled the amplitude of the antiphase injection signal applied to the input of the second differential amplifier (diff. amp); monitor, monitoring oscilloscope.
I_
The Constant Current Generator In order to ensure constant current conditions during the passage of current through the stimulating barrel, the usual procedure is to insert a high resistance in series with the microelectrode. With microelectrodes having resistances ranging from 10 to 50 M ~ a series resistor of the order of 1000 M ~ would be needed. As we use currents as high as 2 X I0 -e A, the high voltage necessary would be both dangerous and impractical.
A constant current generator was designed (Murray, personal communication) which had an effective output impedance of the order of 1000 ~a f~ and an available voltage output of ~5 0 volts. The rise time (I0 per cent limits) of the current pulse was close to 20 ~sec. The output of the generator was coupled to the microelectrode by a cable, the screening of which was driven from the output of the electrometer input stage. This procedure, together with the high source impedance of the generator effectively isolated the capacitance between the two barrels of the microelectrode from ground and hence prevented the attachment of the current source to the stimulating barrel from reducing the speed of response of the recording channel. With the tip of the microelectrode just immersed in the bath liquid and the stimulating lead not connected, a voltage step applied between the organ bath and ground had a rise time of approximately 2 ~sec. This figure was not significantly increased by connecting the cable from the current generator to the stimulating barrel.
The current generator was activated by pulses derived from the pulse generator. It also provided a voltage signal proportional to the current flowing through the external load. This load, however, was complex for it consisted not only of the resistive component of the stimulating barrel but also of the capacitance of the stimulating cable and microelectrode to ground. It is therefore apparent that at the beginning of a current pulse, mosrof the current would flow into these capacitances. As it was not possible to prevent this, constant current conditions through the resistive element of the barrel would not have been established for at least twice the time constant of microelectrode resistance and the capacitances of the cable and stimulating barrel. This would have been less than 1 msec. under our particular experimental conditions.
Recording Artefacts
The resistive coupling between the two barrels of a doublebarrelled microelectrode represents the resistance common to both the recording and stimulating circuits at the tip of the microelectrode (Coombs, Eccles, and Fatt, 1955) and is dependent on the proximity of the two barrel openings and the resistivity of the medium in which the tip is situated. The usual means of eliminating the voltage artefacts which appear in the recording channel when current is passed is to neutralise them by suitable antiphase injection at some point in the recording circuit (Coombs, Curtis, and Eccles, 1959) . When this is achieved with the tip outside the cell any voltage change recorded during the passing of current when the tip is in the cell can be attributed to the now added cell component. This assumes, however, that the resistivity of the medium inside the cell is the same as outside. If the amplitude of the artefacts recorded outside the cell without antiphase injection is small, as would be the case when small currents (10 -9 A) are used or when the coupling resistance is low, the error introduced by small changes in resistivity may not be very great. However, as the extracellular artefacts corresponding to currents of up to 2 X 10 -s A were of the order of a volt, even small changes in resistivity would produce serious errors in our estimates of changes of membrane potential. Therefore, the antiphase injection which we employed was merely a D.C. shift necessary to maintain the action potential on the screen during current flow. Direct determination of the changes in membrane potential produced by the current was not possible. An indirect method which we used is described in the relevant section of the results.
Criteria Employed for Ensuring the Intracellular Location oJ the Electrode Tip
The tip of the microelectrode was microscopically examined before use and the two barrels were seen to terminate within 0.5 # of each other. It was therefore virtually impossible for one tip to be inside whilst the other was outside the cell.
A penetration was considered satisfactory if the following criteria were met: (a) The appearance of an abrupt potential drop within a few microns of advancement of the electrode tip and the subsequent recording of monophasic action potentials. The maximum amplitude of the action potentials was not less than 90 my. and did not vary more than 2 to 4 my. throughout the period of the experiment. (b) Vertical movements of the electrode tip of 5 to 10 # did not affect the action potential form and amplitude nor the effects of current flow upon it.
Extracellular Potential Changes
The magnitude of the extracellular electric field is proportional to the radial current density and the specific resistance of the external solution. This field leads to a slight distortion of the observed membrane potential change (Fatt and Katz, 1951) . The extracellular potentials which we recorded with the tip just outside the cell were diphasic. They never exceeded 3 my. and in the majority of cases were less than 1 my.
R E S U L T S
F r o m the results which follow, the fibres found in the ventricular muscle mass can be divided into two main groups. These two groups differ in at least three respects: action potential shape, rheobase c u r r e n t strength, and beh a v i o u r of the depolarisation phase of their action potentials during c u r r e n t flow. Because the majority of the results included in one of the groups was obtained from fibres situated in the visible Purkinje network we refer to these fibres as P fibres and those from the other group as V fibres.
Definitions
(a) T h e resting m e m b r a n e potential existing in the absence of polarising c u r r e n t will be called the n o r m a l resting potential. Resting potential will in general refer to cases in which this potential is artificially altered by polarising current.
(b) T h e m e m b r a n e potential will be said to be increased if it becomes m o r e negative with respect to the outside fluid.
(c) T h e slope of the relationship between the a m p l i t u d e of the action potential and the applied c u r r e n t will be called positive w h e n the a m p l i t u d e is increasing as the value of hyperpolarising c u r r e n t is increasing.
Action Potential Forms
All the fibres in the group referred to as P fibres had action potentials of a particular form. This form was characterised by a spiked rising phase followed in most cases by a dip and hump. An example of the characteristic shape of these fibres is shown in Fig. 2 together with examples of the shapes of V fibres. These shapes were, however, merely used as a guide to the selection of a fibre for experiment. As will be seen, the final classification into the two groups was made on other grounds, namely rheobase current strength, and particularly the behaviour during current flow.
FmURE 2. Typical action potential forms, a, P fibre action potential; b, c, V fibre action potentials; ordinate, 25 my./large division; abscissae, 50 msec./large division.
Resting Polarisation Resistance
Rectangular current pulses of 100 msec. duration were passed through one barrel of the microelectrode, the onset of the pulse being arranged to begin approximately 80 msec. before the time of arrival of every 4th or 8th propagated action potential. This allowed sufficient time for charging of the membrane capacitance and for any inactivation or reactivation of the excitatory mechanism to be fully established. The maximum time required for such a steady state to be established was determined experimentally by varying the time of onset of the current pulse prior to the action potential. It was always found to be less than 10 msec. We have attempted to determine the resting polarisation resistance (Weidmann, 1952) , that is to say, the ratio of the change in resting membrane potential in volts produced by a given current (at an infinite time after the start of the current and at zero distance from its site of application) and the current strength in amps. The method which we employed is that previously described by Frank and Fuortes (1956) . The maximum amplitude of the action potential which occurred during current flow was plotted against the current; the amplitude of the preceding action potential was plotted as a control.
The first derivative of the action potential was recorded as it provided a simple means of revealing changes in the rate of depolarisation which would not have been evident with the sweep velocities used. W e have not attempted to relate the maximum value of the first derivative to inward ionic current for this relationship is no longer clear when current is being passed through the microelectrode.
P FIBRES
The results from 41 out of a total of 101 fibres examined fall into this group. These results can be best described by reference to Fig. 3 which incorporates in generalised form the more important features of the relationship between the action potential amplitude and applied current. The relationship can be The value of current corresponding to the point A was either zero or very small and negative. The region A-B where the action potential amplitude increased linearly with increasing values of applied hyperpolarising current extended to action potential amplitudes of up to, and often exceeding 160 my. An example of the relationship between current and maximum amplitude of the action potential of a P fibre is illustrated in Fig. 4 . The accompanying changes in maximum rate of depolarisation are also shown in the figure. Typical examples of the records from which such results were obtained are shown in Fig. 5 .
The extent to which we were able to follow the relationship for negative currents was limited either by the current-carrying capabilities of the microelectrode in use or by the dislodgment of the microelectrode from the cell. In the few cases in which we were able to increase the height of the action po-tential to values in the vicinity of 180 inv. (corresponding to the region B-D in Fig. 3 ) the relationship became non-linear, the height of the action potential increasing more steeply with current, indicating an increase in the resting polarisation resistance. There appears to be a limit to the increase in amplitude produced by hyperpolarising current. The m a x i m u m amplitudes which we obtained in our experiments in P fibres never exceeded 190 my. This corresponded to a hyperpolarisation of the resting membrane of approximately 90 Inv. In fibres in which we were able to increase the amplitude to this value, further increases of hyperpolarising current resulted in a negative 
Analysis
We shall now consider the curve in Fig. 3 in more detail. There are two possible ways in which the action potential amplitude can be increased by hyperpolarising current: (a) the resting resistance is higher than the impedance z at the crest so that the voltage drop produced by the current will be greater in the resting state than at the crest and when hyperpolarising current is used the increase in the action potential amplitude will be equal to the difference between the I R drop on the resting state and the voltage drop at the crest; (b) the current a n d / o r the polarisation produced by it has a direct z At the crest of the action potential the voltage displacement produced by the current, although dependent on the polarisation resistance at this time, is also dependent on the time required to recharge the m e m b r a n e capacitance after a drop in polarisation resistance (see Discussion). W e therefore use the term impedance, as distinct from resistance, to describe the relationship between voltage displacement and current at the crest. In each figure the vertical displacement of the two lower traces does not signify the magnitude of the polarisation produced by the current. The interruptions in the upstroke of the action potential are the result of the beam switching and occur at intervals of 10 #sec.
effect on an " e x c i t a t o r y m e c h a n i s m , " that is, the flow of negative c u r r e n t a n d / o r the h y p e r p o l a r i s a t i o n p r o d u c e d by it in the resting state has altered the state of the excitatory m e c h a n i s m in such a w a y that the fibre is now c a p a b l e of attaining a higher overshoot.
Several situations could arise d e p e n d i n g on the n a t u r e of the excitatory m e c h a n i s m . In one, if the excitatory m e c h a n i s m is a regenerative increase in the p e r m e a b i l i t y to sodium ions and its initial state d e p e n d s on the resting potential ( H o d g k i n and Huxley, 1952), the activation of this m e c h a n i s m m u s t result in a decrease in m e m b r a n e resistivity d u r i n g the rising phase of the action potential and, (unless the action of the excitatory m e c h a n i s m ceased some time before the crest of the action potential was attained; see Discussion), it m u s t also result in a lower i m p e d a n c e at the crest. T h u s in this situation some p a r t at least of the increase in the a m p l i t u d e of the action potential m u s t be the difference between the I R d r o p at the base and the voltage d r o p at the crest of the action potential.
T h e second possible situation would arise if the excitatory m e c h a n i s m were in such a state that the flow of hyperpolarising current a n d the a c c o m p a n y i n g h y p e r p o l a r i s a t i o n h a d no effect u p o n it. In this situation the increase in ampli-tude of the action potential would be equal to the difference in the I R drop at the base and the voltage drop at the crest, and the slope of the relationship between action potential amplitude and applied current could be then taken as being equal to the difference between the resistance at the base and the impedance at the crest.
Thus there are two possible situations: (a) either the increase in amplitude with hyperpolarising current is solely the difference between the I R drop at the base and the voltage drop at the crest of the action potential, or (b) it is the sum of the difference in I R and voltage drops and an increase in overshoot.
It has been shown by Weidmann (1955) that in Purkinje fibres the increase in overshoot obtained by increasing the resting potential reaches a limiting value for resting potentials little greater than the normal resting potential (90 my.). As this limiting value is approached the relationship between resting potential and overshoot is non-linear. This behaviour is identical to that found by Hodgkin and Huxley (1952) in squid axon and this was taken by Weidmann (1955) as strong evidence for the existence of a sodium carrier mechanism in Purkinje fibres of the type proposed by Hodgkin and Huxley (1952) .
Thus we would expect the increase in action potential amplitude to be composed of a term proportional to the current intensity and a second term more or less non-linear for resting potentials below and slightly above the normal resting potential and tending to zero for resting potentials considerably higher than the normal resting potential. The first term corresponds to the difference between the I R drop at the base and the voltage drop at the crest, and the second term to the increase in overshoot caused by the altered initial state of the excitatory mechanism. The relationship between the action potential amplitude and applied hyperpolarising current should therefore exhibit a non-linear and relatively steep portion for low values and a less steep linear portion for higher values of current. The slope of the linear portion would then be equal to the difference between the resting polarisation resistance and the impedance at the crest. These two portions correspond to the two possible situations (b) and (a) described above. Our results clearly demonstrate the existence of these two situations. In referring to Fig. 3 the non-linear region A -C can now be seen to represent the situation (b) and the linear region A-B, the situation (a) in which the increase in amplitude is solely the difference between the I R drop at the base and the voltage drop at the crest. The non-linearity is confined, as one would expect from Weidmann's results, mainly to the region of positive current, that is to resting potentials below the normal resting value. The slopes obtained from the experimental results corresponding to the region A-B in Fig. 3 can therefore be expressed as the difference between the polarisation resistance at the base and the impedance at the crest of the action potential. The slopes of this portion of the relation- ship from P fibres ranged from 56 to 240 K~2 with a mean of 106 KQ S.D. 13 (41). The separate observations are given in Table I .
V FIBRES
The relationship which we found between the maximum amplitude of the action potential and current in 60 V fibres can be divided into two classes. In the first class which included 39 out of the total of 60 fibres, the amplitude of the action potential remained constant for all values of negative current used. However, the current was not without effect on these fibres. Changes in the time relationship and maximum value of the rate of depolarisation were observed, corresponding to changes in shape of the depolarisation phase. As the negative current was increased the maximum rate of depolarisation increased up to a certain value and then remained approximately constant whilst the point at which it occurred moved progressively up the rising phase. An illustration which is typical of such changes is shown in Fig. 7 , and an example of the relationship between current and the maximum rate of rise and amplitude of a V fibre of this class is given in Fig. 8 .
In the second class of fibres, similar results were obtained up to a certain value of negative current. The changes in the time relationship and amplitude of the maximum rate of depolarisation were indistinguishable from those of the first group. However, with higher negative currents the amplitude of the action potential increased linearly with current and a spike developed at the crest of the action potential. The amplitude of this spike corresponded to the increase in amplitude of the action potential. The slopes of this portion of the relationship were constant with values ranging from 14 to 118 Kf~, mean value 47 Kf2 S. D. 29 (19) . This slope occurred in 21 out of 60 of our results from V fibres (see Table II ). An example of the relationship between current and action potential amplitude and maximum rate of depolarisation for this class is shown in Fig. 9 and an illustration of the experimental records of this
. Typical experimental records of the effect of negative (hyperpolarising) current on the rising phase of a V fibre. In each record the upper two traces show the first derivative of the rising phase before (upper of the two traces) and during (lower of the two traces) current flow. 1 large division = 100 v, sec. 1. The magnitude of the current is proportional to the vertical displacement of these two traces (1 large division = 5 X 10-TA). The m a x i m u m amplitudes of the first derivatives are indicated by the arrows. The lower two traces show the rising phase of an action potential occurring before current flow (corresponding to the lower of the two base lines to the left of each picture) and during (upper of the two) current flow. Time, 1 large division = 2 msec. : voltage scale, 1 large division = 25 mv. The vertical displacement of these two lower traces does not signify the magnitude of the polarisation produced by the current. Although the m a x i m u m amplitude of this V fibre action potential is unaffected by the current, its m a x i m u m rate of rise and shape is noticeably affected.
behaviour is shown in Fig. 10 . It is clear from the results from both classes of V fibres that as the negative current is increased (at least up to a certain value), the crest and base of the action potential must experience the same voltage displacement and the current must have no effect on the overshoot for the height of the action potential to remain unchanged.
Analysis The difference in behaviour between the two classes of V fibres can be explained in the following way: Consider a situation in which the polarisation resistance is very low at a point in the rising phase of the -v e ~c t . + v e FIGURE 8. The relationship between current and the maximum amplitude and maximum rate of depolarisation of a V fibre action potential. Scales and symbols are the same as in Fig. 4 . Although the amplitude of the action potential is not affected by current flow, the maximum rate of depolarisation is.
action potential and increases rapidly to its normal resting value as the crest is approached. The application of constant hyperpolarising current during the rising phase of the action potential will cause a voltage displacement, the magnitude of which at any time will be related to the polarisation resistance at that time. It is obvious that the point of lowest resistance will suffer the least voltage displacement. As the current is increased, the higher resistance portions of the rising phase will be increasingly displaced. Because the point of lowest resistance suffers the least voltage displacement its position relative to the rest of the rising phase will change and it will appear to move up the rising phase. Eventually, at a certain value of current it will occupy the crest of the action potential. Thus for all higher values of current the crest of the action potential will suffer no further voltage displacement and the relationship between action potential amplitude and applied current will assume a positive slope. Since the resistance drop is very brief an I R displacement equal 
I n t w o f i b e r s ( d e n o t e d b y t h e l e t t e r S) t h e v a l u e of t h e s l o p e is n o t g i v e n b e e a u s e t h e n u m b e r of p o i n t s w a s i n s u f f i c i e n t . T A B L E II (concluded)
Normal to the I R displacement of the resting m e m b r a n e will be rapidly reestablished, transforming the crest of the action potential into a brief spike.
T h e experimental results obtained from the second class of V fibres support the hypothesis that a brief drop in polarisation resistance occurs d u r i n g the rising phase of the action potential. A spike a n d a positive slope in the relationship between action potential a m p l i t u d e a n d applied current are o b t a i n e d only with currents higher than a certain value. As in P fibres the m a g n i t u d e of this slope can be taken as the difference between polarisation resistance in the resting state and the i m p e d a n c e at the crest of the action potential.
I t is reasonable to assume that in the first class, in which the a m p l i t u d e r e m a i n e d unaffected for all values of current used, the voltage displacement of the crest of the action potential was not sufficient to achieve the state where
the crest contains the lowest resistance. This could have been caused by the effect of one or more of the following factors: (a) the fall and recovery of membrane resistivity occurring at an earlier part of the depolarisation phase, (b) a lower resting polarisation resistance, and (c) a lower upper limit of the negative currents used. The possibility that the resting polarisation resistance was so low that the voltage drop produced by the current was too small to be observed can be discounted, for in every case we observed a change in the time relationship and magnitude of the rate of depolarisation. Such changes could not have occurred unless measurable changes in resting potential had . The relationship between current and the maximum amplitude and maxim u m rate of depolarisation of a V fibre action potential. Scales and symbols are the same as in Fig. 4 . The amplitude of the action potential is unaffected by --ve current up to a certain value beyond which it increases linearly with current: the sloping interrupted line in this instance has a slope of 26 K ohms.
been produced. The point to be emphasised is that the drop in polarisation resistance in V fibres must be extremely brief, for the membrane capacitance must be fully recharged by the applied current at the time the crest of the action potential is reached in order that the displacement may be the same at both the crest and base of the action potential. The question whether this drop in polarisation resistance can be said to be briefer than that in P fibres will be considered in the Discussion.
Comparison of Normal Action Potential Amplitudes
The mean normal amplitudes of action potentials included in the P group and V group are 98.9 my. m e a n a m p l i t u d e s of the t w o classes of V fibres, t h a t is to s a y those w i t h a s l o p e a n d those w i t h o u t , a r e 99.8 my. (6.2 S . D . ) a n d 99.7 m y . (5.6 S.D.) r e s p e ctively. T h e s e p a r a t e m e a s u r e m e n t s a r e g i v e n in T a b l e s I a n d I I . T h e g r e a t e s t n o r m a l a c t i o n p o t e n t i a l a m p l i t u d e w h i c h w e h a v e e v e r r e c o r d e d in r a b b i t 46,,
ventricle was 115 mv. The amplitude of the action potential is a better index of the state of the fibre than is the value of its resting potential for the amplitude depends on both resting potential and overshoot. Therefore the possibility that the differences in behaviour among fibres in the P group and the two classes of V fibres could be due to differences in the state of the fibres, can be discounted.
Rheobase Current Strength
One of the striking differences between P and V fibres was found to be in rheobase current strength. Depolarising current pulses of 100 msec. duration Tables I and II . It would appear that part of this difference is either the result of a higher threshold or a greater area needed to be depolarised to initiate an action potential in V fibres, as the polarisation resistance of P fibres is only about twice that of V fibres.
Strength-Duration Curve
The relationship between the strength and duration of a just threshold current (applied via one barrel of an intracellular electrode) can theoretically be fitted by an equation of the form Irh = I(1 --e -t/~) in which Irh is the rheobase current, I the minimal current required to stimulate, and t its duration. The errors associated with taking the constant, r, as an estimate of the membrane time constant have been discussed by Frank and Fuortes (1956) and Coombs, Curtis, and Eccles (1959) . These errors are associated with such events as accommodation and subthreshold activity. I The values of 7 were obtained from the slope of the line relating In I -I~--~ to t. The values of r from 14 P fibres ranged from 2.5 to 5 msec. Similar measurements in V fibres gave values of ~-close to 1 msec. However, in V fibres these values are of questionable significance for the following reasons: (a) the current pulses through the tip of the microelectrode had a rise time of less than 1 msec., the exact value depending on the resistance and capacitance to ground of the stimulating circuit. This rise time could, at the short pulse durations required in V fibres, seriously increase the final estimate of membrane time constant; (b) the current strengths required to plot a strength-duration curve in V fibres frequently exceeded the current-carrying capabilities of the microelectrodes and hence our measurements were limited to V fibres which had relatively low values of rheobase.
D I S C U S S I O N

Polarisation Resistance
RESTING
If we assume that in the situation when a positive slope is obtained in the relationship between action potential amplitude and applied current, the impedance at the crest of the action potential is small compared with the resting polarisation resistance, the values of the polarisation resistance given in Tables I and II can be taken as being approximately equal to the resting polarisation resistance. The scatter of the values for the polarisation resistance within each of the groups need not necessarily reflect differences in membrane resistivity of the fibres for some variation can be expected in view of the syncytial arrangement of the fibres of ventricular tissue. The polarisation resistance is related to the effective area of membrane seen by the microelectrode and this would depend on the architecture of the interior of the fibre in the immediate vicinity of the microelectrode. As the fibre is not a simple cable but as a first approximation resembles a multibranched cable, this architecture would be expected to vary considerably with the site of penetration of the microelectrode. Consequently some variation would be expected in the strength of current required to evoke a given hyperpolarisation at different sites in the muscle. Differences in fibre diameter would also contribute to the scatter of the polarisation resistance values in each group. The ratio of approximately two times between the means of the polarisation resistances found for P and V fibres, though possibly due to a true difference in membrane resistivity, may in part be the result of a difference in frequency of branching in the two types of fibres.
TIME COURSE OF RESISTANCE CHANGES
The equation used by Frank and Fuortes (1956) for determining the resting resistance of motoneurons was as follows :--dEs -R~--R .
(1) dI in which E, is the height of the action potential during current flow, I the applied current, R, the polarisation resistance at the crest of the action potential, and Rr the resting polarisation resistance. This equation takes no account of the time required to recharge the membrane capacitance after the drop in resistance. Although this was of no consequence in their experiments, it is of considerable importance when applying it to the time course of polarisation resistance changes. Consider the extreme case in which the polarisation resistance returns instantaneously to its original resting value at some point during the depolarisation phase. The IRr displacement would then be reestablished at a rate determined by the time constant of the membrane. It is obvious that under such conditions a period equal to several time constants of the membrane must elapse before the IRr potential can be fully established. This means that, if the time constant of the membrane is greater than the duration of the rising phase, no significant voltage displacement of the crest of the action potential can occur.
We have attempted to deduce the time course of potential change produced by constant current, when the resistance returns from zero to its original value at a certain rate. For the sake of simplicity we have assumed that the resistance returns exponentially to its resting value and that the membrane capacitance remains constant.
The equivalent circuit of the membrane component seen by the microelectrode can be approximated by the simple circuit $-;-.
The relationship between the voltage V and the time t when r --R(1 --e -~/') and I and C are constant, is given by the following equation:
This equation was solved numerically for us on an electronic computer and the solutions are shown graphically in Fig. 11 . It can be seen from Fig. 11 that when r ~ R C the curve lies between those of V = I R ( 1 --e -~1Re) and V = I R ( 1 --e-t12Rc). When r << R C the curve follows to a first approximation that of V = I R ( 1 --e-tlRc).
As the time constants of P fibres are of the order of 4 msec. and the duration of the depolarisation phase in P fibres is close to 1 msec., it can be concluded that the crest of the action potential would not suffer any significant voltage displacement by the current even though the resistance may have returned by that time to normal. Although it is possible, by the method we used, to determine whether a drop in resistance occurs during the depolarisation phase, it is not possible to determine its exact time of occurrence or its duration. Though these conclusions do not affect estimates of resting polarisation resistance, they do, however, invalidate estimates of the ratio of resting to crest resistance of Purkinje fibres (Weidmann, 1951 (Weidmann, , 1957 . The time course of membrane resistance changes during the repolarisation phase of Purkinje fibres should also be reconsidered. These fibres have a membrane time constant of approximately 20 msec. (Weidmann, 1952) and the technique which was used to determine the membrane resistance would be affected in the same way as the one used in the present experiments. Weidmann's conclusion was (Fig. 7 of Weidmann, 1957) that the membrane resistance increases
progressively throughout the plateau of the action potential. He took the voltage displacement at the end of a 40 msec. constant current pulse to be proportional to the polarisation resistance at that time. However, he did not appear to take into account the following facts: (a) It can be seen from equation (2) that the time course of charging of the membrane capacitance while the membrane resistance is changing depends on both the value of membrane resistance and its rate of change, and that the potential does not change with an exponential time course. (b) The fact that a threefold increase in membrane resistance was reported to occur during the repolarisation phase means that the time constant of the membrane increased to approximately 60 msec. Because of the time taken to charge the membrane capacitance, changes in polarisation resistance are accompanied by slower changes in the potential drop produced by constant current. The ability of Weidmann's method to follow changes in polarisation resistance is limited by the value of membrane time constant. For instance an instantaneous change in resistance to three times the resting value would be recorded as an exponential increase in potential with a time constant of 60 msec. This would place the occurrence of the increase in membrane resistance earlier in the repolarisation phase than he reported. Indeed it would be extremely difficult to follow the time course of the membrane resistance changes in these fibres because of the high value of the membrane time constant. A fibre such as a V fibre with its short membrane time constant would be the more suitable. A more definite conclusion can be reached about the duration of the drop in polarisation resistance in V fibres. We can assume that a drop in resistance occurs at some stage of the depolarisation phase; this assumption is based on the appearance of the positive slope in some of these fibres and the rapidity of the potential change during depolarisation. The fact that both the crest and the base of the action potential suffer the same displacement by moderate values of hyperpolarising current must mean that by the time the crest is reached the membrane resistivity has been at its resting value for a period equal to several time constants of the membrane. From equation (2), when r ~ RC, the "time constant" of the potential change during the application of constant current is approximately equal to r + RC. Taking 2 msec. as a typical value for the duration of the depolarisation phase of the V fibre action potential, this places an upper limit on r -I-R C of 2 msec. at the most. This supports the conclusion that the time constant of V fibres is indeed less than 1 msec.
If our conclusions are correct in that the duration of the drop in membrane resistivity is less than the duration of the depolarisation phase, we are faced with the situation in which in the terminal phase of depolarisation the membrane resistivity has returned to its resting value. On the basis of the sodium theory the fibre can continue to depolarise only if the membrane remains dominantly permeable to sodium ions. Since the membrane resistivity at this time is normal this dominance could only be maintained by a drop in permeability of the membrane to potassium and other ions. If such a drop in permeability occurred towards the end of the transient increase to sodium ions the ratio of the sodium permeability to potassium permeability could remain high and depolarisation could continue with a membrane resistivity not far different from its resting value.
